ABSTRACT: We report a novel reductive desulfurization reaction involving π-acidic naphthalene diimides (NDI) 1 using thionating agents such as Lawesson's reagent. Along with the expected thionated NDI derivatives 2−6, new heterocyclic naphtho-p-quinodimethane compounds 7 depicting broken/ reduced symmetry were successfully isolated and fully characterized. Empirical studies and theoretical modeling suggest that 7 was formed via a six-membered ring oxathiaphosphenine intermediate rather than the usual fourmembered ring oxathiaphosphetane of 2−6. Aside from the reduced symmetry in 7 as confirmed by single-crystal XRD analysis, we established that the ground state UV−vis absorption of 7 is red-shifted in comparison to the parent NDI 1. This result was expected in the case of thionated polycyclic diimides. However, unusual low energy transitions originate from Baird 4nπ aromaticity of compounds 7 in lieu of the intrinsic Huckel (4n + 2)π aromaticity as encountered in NDI 1. Moreover, complementary theoretical modeling results also corroborate this change in aromaticity of 7. Consequently, photophysical investigations show that, compared to parent NDI 1, 7 can easily access and emit from its T 1 state with a phosphorescence 3 (7a)* lifetime of τ P = 395 μs at 77 K indicative of the formation of the corresponding "aromatic triplet" species according to the Baird's rule of aromaticity.
■ INTRODUCTION
Polycyclic aromatic hydrocarbons and related heterocyclic diimides such as naphthalene diimides (NDIs) and perylene diimides (PDIs) 1 constitute versatile organic semiconducting and photonic materials for applications ranging from organic photovoltaics to field-effect transistors. 2−16 Strategies for boosting charge (electron or hole) transport across the π-backbone and achieving greater air stability of these aromatic building blocks include functionalization of the molecular core with electron-withdrawing/-donating synthons resulting in organic materials with tunable optoelectronic gaps. 17−24 Continuing research aiming to improve the charge mobility and greater solid state intermolecular interactions in these organic semiconducting materials have relied on increasing the aromatic character through extension of the π-backbone. 25−31 Recently, the groups of Seferos 32−34 and Zhang 35 have simultaneously demonstrated that replacing the carbonyl oxygen (O) atoms in NDIs and PDIs by sulfur (S) atoms enhances charge mobility, increases air stability, and reduces bandgap energies. The systematic thionation of NDI 1 using Lawesson's reagent (LR) was previously reported. 32−35 Following these seminal contributions, we used LR to obtain the reported mono-thionated 2, cis-bis-thionated 3, trans-bisthionated 4, and tris-thionated 5 NDI products (Scheme 1). Unlike previous investigations, we also generated a new heterocyclic naphthalene derivative 7 depicting a naphtho-pquinodimethyl core, which we report here (Scheme 1). Compound 7 is obtained by a cycloaddition of in situgenerated phosphine disulfide with π-acidic NDIs via double nucleophilic aromatic reaction with the anionic S atoms followed by reductive desulfurization. The partially decarbonylated naphthalene diimide (bis-thioamide) 7 has only one 2-fold symmetry axis. Theoretical investigations indicate that a change in the intrinsic aromaticity of the NDI core accounts for unusual optoelectronic transitions and photophysical behaviors observed in 7. Accordingly, compound 7 exhibits a ground state 4nπ antiaromatic characters but becomes a (4n + 2)π aromatic triplet in the excited state upon photoexcitation.
■ RESULTS AND DISCUSSION
To investigate the thionation reaction as previously reported, 32 we reacted NDI 1 with 4−5 equiv of LR in dry toluene at 115 ± 5°C for 48−50 h under argon atmosphere (Experimental Section). Unfortunately, after several attempts, we (and Zhang et al.) failed to isolate fully thionated NDI 6 (Scheme 1) albeit having also employed alternative thionating agents such as thiophosphoryl chloride to carry out the synthesis of 2−6.
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The low-lying LUMO level of tris-thionated NDI 5 (that should have undergone subsequent reaction with LR to afford 6) 35 or the low reactivity of LR 37,38 toward 5 was presumed to be the limiting factor for the complete thionation of 1. Although the N-alkyl group could be suspected of inducing steric hindrance at the carbonyl reacting sites, we ruled out steric effects as the essential cause for the partial transfer of S atoms to NDI 1 as both linear (1a) and branched (1b) Nalkylated NDIs were employed in our investigations (Scheme 1). Apart from isolating, characterizing, and crystallizing the new naphtho-p-quinodimethane heterocyclic products 7 (9− 16% yield, Experimental Section), isolated yields for all four thionated NDIs 2−5 (16−17, 19−22, 28, and <2%, respectively) prompted us to reconsider how LR should be reacting with π-acidic NDIs. For instance, products 2−5 and 7 were fully characterized by NMR and IR spectroscopy, HRMS mass spectrometry, and single-crystal XRD (Supporting Information).
Knowing that LR-mediated thionation of carbonyls proceeds via the formation of the 1,2-dipolar monomeric phosphine disulfide, 38, 39 which then reacts with the carbonyl group of the imides (of NDI), in the present investigation, we ascertained there is an alternative/competitive cycloaddition of LR with the carbonyl groups of NDI 1 as illustrated in Scheme 2C. Although the well-documented addition of LR to NDI should have led to a four-membered ring oxathiaphosphetane intermediate (int-A), we hypothesize that LR can concomitantly add to carbonyl groups and nearby electron deficient atoms/ bonds such as the exocyclic-sp 2 C atoms of the naphthalene core of NDI 1. El-kateb et al. have also reported that anionic S of LR can perform nucleophilic attack on an sp 2 C atom adjacent to a carbonyl group forming a six-membered ring intermediate. 40 Thus, addition of LR to NDI 1 could also generate the oxathiaphosphinine intermediate (int-B) depicting the partially dearomatized naphthalene core as illustrated in Scheme 2.
On the basis of natural charge and electrostatic map calculations on 1b and 3b (Scheme 2A), we inferred that LR should react with NDIs 1 or 3 (3 being the most probable precursor to 7). Moreover, using computational methods, we performed mechanistic studies on the two competitive cycloaddition reactions LR + 3. Thus, we performed structural optimization on LR, 3b, and int-A and int-B by DFT calculations at PBE0 41, 42 hybrid correlation-exchange functional (Tables S2−S11) .
Using the intrinsic reaction coordinate technique, we mapped out the energetics of reaction complexes (RC) and transition states (TS) of LR+3b and directly connect those states to the target intermediates int-A and int-B (Figure 1 ). Illustrated in Figure 1 are the energy profiles that give the relative energies of int-A and int-B calculated at XDH-PBE0/ccpVTZ level. 43 With the resulting energy diagram, it is apparent that the relative energies of int-B: − 4.9 vs 1.2 kcal mol −1 for int-A are in agreement with our postulation for the likely reaction pathway that leads to producing compound 7 (Scheme 3).
To corroborate our hypothesis and mechanistic rationale, we also carried out controlled thionation reactions of NDI 1b using thiophosphoryl chloride. 36 Although thionated NDIs 2b− 5b were isolated using this alternative procedure, only a trace amount of product 7b was formed supporting our hypothesis that anionic S atoms from the electron-rich phosphine disulfide might be attacking the exocyclic-sp 2 C atoms of the π-acidic NDI scaffolds. From the supplementary computational results (Scheme 2 and Tables S2−S11), it becomes clear that the anionic S atom from the LR phosphine sulfide can easily attack any of the four exocyclic-sp 2 carbon atoms of the naphthalene ring (Scheme 2A). 40 With this in mind, we ascertained that LR might also be reacting with any of the partially thionated NDI derivatives 2−5 (especially 3) to generate int-B via pathway B (Scheme 2C). Furthermore, the discrepancy in isolated yields for NDIs 2−5 (vide supra) suggests that cis-bis-thionated NDIs Scheme 1. Thionation of Naphthalene Diimides (NDI) 1 Using Lawesson's Reagent: Isolation of Thionated NDIs 2− 5 and Antiaromatic Naphtho-p-quinodimethyl Bis-thioamide 7 along with the XRD Molecular Single-Crystal Structure of 7b 3 should have been subsequently reacting with excess LR via pathway B to generate a bis-oxathiaphosphinine intermediate (int-C) (Schemes 2C and 3). Our proposed mechanism accounting for the formation of int-C is illustrated in Scheme 3. With this rationale, one can see that the final step(s) that generates product 7 requires desulfurization in a thermal cycloreversion reaction via extrusion of singlet diatomic sulfur 44, 45 and subsequent H atoms transfer (from solvent) irrespective of the reactive intermediates: stepwise pathway (vinylic biradicaloid 1,2-dithiethane) or concerted pathway (hexacyclic disulfide intermediate). Steliou et al. were the first to discover such a rearrangement of polycyclic 1,2-dithiethane, 46 ,47 which they inferred to be unstable until Nicolaou et al. successfully synthesized and isolated dithiatopazine, the first example of 1,2-dithiethane. 48 Subsequently, we carried out thionation reactions with 3b using LR in toluene-d 8 under an inert atmosphere to determine the final reductive desulfurization step. The deuterium scrambling experiment did not afford the expected deuterated product 7b−d 2 ; rather, we isolated a mixture of products exhibiting 1 H NMR patterns similar to patterns from both LR and 3b. Because this control experiment did not tell us much about the source of H atom transfer, we hypothesized that int-C might have been formed but could not have undergone the subsequent steps and further decomposed as a consequence of the sp 3 C−D bond being much stronger than the sp 3 C−H bond. 49 Furthermore, we performed the thionation reaction in a solvent that could not furnish the H atom (from sp 3 -C). Thionation of 1a in dry benzene for 72 h afforded only the expected products 2a−5a, and no trace of 7a was found, indicating that toluene is likely the source of the pquinodimethyl H atoms. However, we also isolated/trapped the int-B (LR + 4a) adduct, which exhibits NMR spectroscopy patterns from both LR and 4a ( Figures S29 and S30 ). Consequently, we postulated from Scheme 3 and the control studies that only reaction of LR with cis-bis-thionated NDI 3 in toluene should afford naphtho-p-quinodimethane 7.
On the basis of XRD crystallography data analysis of single crystals of 1b and 7b ( Figure S5 and Table S1), we found that the structure of 7b depicts a p-quinodimethyl motif in conjugation with a congener aromatic sextet ring all together forming a 4nπ antiaromatic naphtho-p-quinodimethyl core (Scheme 1 and Figure S5 ). To elucidate the intrinsic (total and discrete) aromaticity of the naphtho-p-quinodimethyl core in 7, we performed theoretical investigations using various aromaticity descriptors.
The theoretical investigations of aromaticity in compounds 1b and 7b were performed with the help of a set of popular descriptors, namely, structural harmonic oscillator model of aromaticity (HOMA), 52 ,53 topological p-delocalization index (PDI), 54−56 atomic fluctuation index (FLU), 57 magnetic nucleus independent chemical shift (NICS), 58, 59 and visual ACID ( Figure 3 ) approaches, showing a multidimensionality of aromatic characteristics. Compared to the geometry of an ideal aromatic benzene, ring 2 in both compounds 1b and 7b was found to be more aromatic than ring 1 ( Figure 2) ; however, in compound 7b, the aromaticities of rings 2 and 3 become uneven due to the asymmetric chemical environment, where the farther ring 3 to S atoms showed less aromaticity (0.559). A similar trend was found in the results for the topological aromatic descriptor using Bader's 50 and Becke's 51 approaches. /cc-pVTZ level (Tables S4−S11): RC and TS denote reaction complex {LR + 3b} and corresponding transition state, respectively. For simplicity, the asymmetric descriptors at the phosphorus center are ignored.
Scheme 3. Proposed Mechanistic Rationale of the Reaction of LR with cis-Bis-thionated NDI 3 Leading to Naphtho-pquinodimethane Products 7
The Journal of Organic Chemistry Article Our results from Bader's approach indicate for both 1b and 7b that the strongest para site delocalization was found in ring 2 (0.068 and 0.064, respectively), and the delocalization over other rings was much weaker. Furthermore, we found that the FLU also gave a very good approximation of these findings. However, ring 2 in both 1b and 7b was found to be barely diverse from the aromaticity in benzene (0.008 for 1b and 0.009 for 7b). From a magnetic perspective (NICS), although we found ring 2 in both 1b and 7b unambiguously showing characteristic aromatic behavior (−7.417 for 1b and −6.126 in 7b), ring 1 in 7b showed a weak aromaticity (−0.836) and ring 3 was found to behave antiaromatic (3.031 in 7b). These results also indicate that, when treated separately, individual rings in both 1 and 7 would exhibit various degrees of aromaticity. Although it is undeniable that 1 is a Huckel 10π−e − aromatic heterocycle, we deduced from the above results that 7 is a 12π− e − chromophore exhibiting ground state antiaromaticity, and this behavior should be reversed to 10π−e − aromaticity in its electronic excited state according to Baird's rule of aromaticity.
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To obtain a deeper understanding of aromatic characters in compounds 7, we calculated the anisotropy of the current (induced) density of the two scaffolds as a 3D function of the dia/paramagnetic part of the ring current density. Current density vectors are plotted (Figure 2 ) onto the ACID surface to indicate dia-and paratropic ring current. The applied magnetic field was perpendicular to the molecular plane pointing outward. The calculated ACID maps indicate that diatropic (aromatic) ring currents in 1b superimposed onto ring 2 illustrate aromatic behavior. Similar behavior was found in 7b over the same ring 2. This result is in agreement with all aromaticity descriptors used in Table 1 , which indicated that ring 2 in both 1b and 7b is aromatic. It is also worth noting that the diatropic current over ring 3 of 7b was hardly distinguishable. These findings are illustrated in the ACID picture where only π-type delocalization was counted (Figure 2A ). In 1b, the total ring current went over ring 2, showing a similar pattern of naphthalene with two isolated fragments of a nitrogen atom and two carbonyl groups. In the case of 7b, the induced current behaved like a phenanthrene moiety with an isolated ethylene (Figure 2A) .
Furthermore, knowing that the inherent aromaticity in 1 and 7 could impart their corresponding electronic transitions, we compared their ground and excited state photophysical properties. The UV−vis absorption spectra of 1a and 7a are shown in Figure 3A , where the absorption profile of 7a appears red-shifted (∼90 nm) in comparison to the spectrum of 1a.
UV−vis spectral red-shifts in thionated polycyclic diimides have been previously observed and were attributed to the increased electron affinity provided by the sulfur atoms. 34, 61 Although the same effect holds true in our investigation, the presence of additional degenerate and seemingly forbidden transitions between 470 and 580 nm is unprecedented in this family of chromophores and is suggestive of broken/reduced symmetry and aromaticity. Nevertheless, when we investigated the photoluminescence (PL) of a dilute solution of 7a, we found that its steady state emission profile exhibits the same vibronic features associated with the emission profile of parent NDI 1a ( Figure 3B ), indicating likely structural similarity (except the carbonyl groups) in the excited state(s). On the other hand, we deduce from additional emission studies in solvents of various polarities ( Figure S4 ) and on the basis of previous studies with aromatic thiones (e.g., xanthenethione) 62 that 7a is likely emitting from the lowest 1 (n−π*) excited state (Figure 4) , whereas parent NDIs are well-known to emit from the lowest 1 (π−π*) excited state. 
The Journal of Organic Chemistry
Article It was also documented that thionation of aromatic ketones and rylene diimides can induce a rapid population of their lowest triplet states; 34, 62 however, as mentioned above, 7 exhibits Baird's 4nπ (anti)aromaticity and thus should form the corresponding aromatic triplet excited species upon intersystem system crossing from the lowest singlet excited state. Timedependent phosphorescence studies of 7a in 1:1 EtOH:DCM glassy matrix at 77 K at 90 μs delay times after lamp pulse are illustrated in Figure 3C . We assigned the emission band at 700−830 nm to the radiative transition from the lowest triplet state with a monoexponential fit of ∼395 μs for the lifetime at λ max = 725 nm at 77 K ( Figure 3C inset) . Importantly, we did not observe this emission band at 700−830 nm at room temperature in aerated solvents; this convincingly indicates that it is the phosphorescence emission from the lowest triplet state of 7a that should depict a biradicaloid aromatic naphthalene species. According to Baird's rule for excited state aromaticity (Figure 4) , 60 7 should easily form the corresponding aromatic triplet and emit from the lowest triplet excited state without any additional functionalization or supramolecular modification of parent NDIs as reported in previous studies. 63−65 As shown in Figure 4 , the peculiar (anti)aromaticity and related photophysical properties of 7 highlight how reduced/broken symmetry and aromaticity in the naphthalene core can influence the optoelectronic properties of this new class of polycyclic light-harvesting chromophores.
■ CONCLUSIONS
In summary, we report an unprecedented cycloaddition reaction of Lawesson's reagent with π-acidic NDI 1 to afford a heterocyclic naphtho-p-quinodimethane 7 exhibiting Baird's (anti)aromaticity and reduced/broken symmetry of the naphthalene core. Using theoretical modeling, we established that the most likely pathway that generated compound 7 involves a bis-oxathiaphosphenine intermediate that is energetically/thermodynamically more stable than the well-documented oxathiaphosphetane, the intermediate to thionatedNDIs 2−5. The change in intrinsic aromaticity of the NDI core in compounds 7, as established by our theoretical investigations, has imparted unusual optoelectronic properties. Time-dependent photoluminescence studies involving 7a in a glassy matrix at 77 K indicated the formation of the corresponding aromatic triplet excited state species of (7)*, which exhibits a radiative decay to the ground state with a lifetime of ∼395 μs. This result convinced us that tuning the intrinsic aromaticity of NDI scaffolds can provide new avenues to afford phosphorescent polycyclic (anti)aromatic chromophores. We are currently exploring other derivatives of 7 that exhibit attractive optoelectronic properties that could be tailored for photonic and spintronic applications.
■ EXPERIMENTAL SECTION
Materials and Methods. All commercially obtained reagents (except LR) were used as received without further purification. LR (purchased from Sigma-Aldrich) was recrystallized from hot toluene. Reactions were conducted in oven-dried glassware under an argon or nitrogen atmosphere. Solvents for reactions were purified using an mBraun solvent purification system. All spectroscopy measurements were performed using spectroscopy-grade solvents. The fluorescence quantum yield for 7b at ∼22°C was measured in ethanol and in dichloromethane using rhodamine 6G as reference (Φ F = 0.94).
Analytical chromatography was performed by TLC using Sorbent Technologies Inc. silica gel 60 F 254 plates (glass and aluminum). Spots were directly visible under ambient light. Preparative chromatography was performed by the flash method using Sorbent Technologies Inc. silica gel with porosity of 60 Å and 40−63 μm particle size. Unless otherwise stated, 1 H and
13
C NMR spectra were recorded on Bruker 300 MHz (75 MHz for 13 C) spectrometer; data from the 1 H NMR spectroscopy are reported as chemical shifts (δ ppm) with the corresponding integration values. Coupling constants (J) are reported in hertz (Hz). Standard abbreviations indicating multiplicity were used as follows: s (singlet), b (broad), d (doublet), t (triplet), q (quartet), m (multiplet), and virt (virtual). Standard abbreviations in FTIR spectra were used as follows: str (strong), wk (weak), brd (broad), and shp (sharp). Data for 13 C NMR spectra are reported in terms of chemical shift (δ ppm). Methylene chloride-d 2 was used as the solvent for NMR samples unless otherwise stated. High-resolution mass spectrum data were recorded on a Bruker micrOTOF II or Shimadzu IT-TOF spectrometers in positive (ESI+) ion mode. UV− vis absorption spectra were recorded on Ocean Optics spectrometer (DH-MINI UV−vis−NIR light source and QE-Pro detector using OceanView software package). Emission spectra were recorded on an Edinburgh Instrument FLS980 spectrometer. mp values were determined on a Melt-Point II apparatus. Infrared spectra were recorded on Nicolet 480 FT-IR spectrometer. Thermal analysis (DSC) and thermogravimetry analysis (TGA) were performed on Mettler Toledo DSC822 and TGA/SDTA851, respectively. X-ray single crystal analysis of reported structures were performed on a Bruker X-ray diffractometer equipped with a Cu Mo detector (compare to CIF data for additional information).
Synthesis. N,N′-Di(n-octyl)naphthalene-4,5,8,9-tetracarboxylic Acid Diimide (1a). Naphthalene-4,5,8,9-tetracarboxylic dianhydride (3 g, 11.19 mmol) and n-octylamine (4.34 g, 33.56 mmol) were added to anhydrous dimethylformamide (DMF) in a round-bottom flask with an attached condenser under a N 2 atmosphere. The mixture was stirred at reflux for 24 h. After reaction, the solution was cooled to room temperature. The crude product was filtered and purified by column chromatography (hexanes:dichloromethane ( Thionated Naphthalene Diimides: mono-(2b), cis-(3b), trans-(4b), tris-(5b), and 7b. The same procedure as above was followed to synthesize compounds 2b, 3b, 4b, 5b, and 7b from 200 mg weight of starting compound 1b. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.joc.7b01647.
Single-crystal XRD structure of 1b also deposited in the Cambridge Crystallographic Data Centre database with reference CCDC 1551374 (CIF) Single-crystal XRD structures of 7b also deposited in the Cambridge Crystallographic Data Centre database with reference CCDC 1551375 (CIF) Additional characterization (NMR, FTIR, TGA, and DSC spectra) of NDIs 1−6 and naphthoquinodimethanes 7, UV−Vis absorption, and supplementary photoluminescence data (PDF)
